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Dynamic modelAbstract Leakage due to wear is one of the main failure modes of aero-hydraulic spool valves.
This paper established a practical coupling wear model for aero-hydraulic spool valves based on
dynamic system modelling theory. Firstly, the experiment for wear mechanism veriﬁcation proved
that adhesive wear and abrasive wear did coexist during the working process of spool valves. Sec-
ondly coupling behavior of each wear mechanism was characterized by analyzing actual time-
variation of model parameters during wear evolution process. Meanwhile, Archard model and
three-body abrasive wear model were utilized for adhesive wear and abrasive wear, respectively.
Furthermore, their coupling wear model was established by calculating the actual wear volume.
Finally, from the result of formal test, all the required parameters for our model were obtained.
The relative error between model prediction and data of pre-test was also presented to verify the
accuracy of model, which demonstrated that our model was useful for providing accurate prediction
of spool valve’s wear life.
 2016 The Authors. Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics
and Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).1. Introduction
Aero-hydraulic spool valves are units of the aircraft hydraulic
subsystem which plays a critical role in controlling system to
work at a normal pressure. They have been the indispensable
precision equipment in modern aircraft applications, and their
advantages are prominent such as high accuracy for control-
ling, fast dynamic response, and long service life.1 Failuresoriginated by spool valves can impose a direct effect on the
performance of hydraulic subsystem. Thus, researchers have
been doing a lot of studies on dynamic performance or failure
analysis about spool valves during recent years.2,3 According
to statistics, failures resulted from the spool valve wear
account for more than 22% of the total failures of control
valves. The repair time takes up more than 20% of the total
repair time.4,5 Therefore, it is necessary for these spool valves
to have an accurate wear model to support wear resistance
research for a longer running time.
Previous studies reveal that oil leakage due to the wear pro-
cess is one of the main failure modes of aero-hydraulic spool
valves. However, most of them simply consider establishing
the loss function due to hydraulic clamping and pollution
clamping regardless of original reasons for this failure
Fig. 1 Aero-hydraulic spool valve.
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to truly focus on the particle erosion wear which is the main
failure cause of electrohydraulic servo valves (EHSV).8 In
addition, researchers have qualitatively analyzed the contribu-
tion of erosion wear to the performance degradation of sliding
spool. Meanwhile, a lot of erosion wear models are established
to predict an accurate wear life for EHSV.9,10 However, it is
only practical for just a single kind of erosion wear mechanism.
Actually, different spool valve material, working stress or
lubrication condition can induce other different wear mecha-
nisms to cause hydraulic spool valve failures that need us to
reveal, such as adhesive wear, abrasive wear, or their
combination.
From analysis of working condition and dynamic charac-
teristic about spool valves, we can see that sliding wear behav-
ior is the main dynamic characteristic of aero-hydraulic spool
valve. So the wear evolution process may be determined by
several wear mechanisms (i.e. fatigue, abrasive, adhesive, cor-
rosive).11 And these involvements and their interactions and
competitions produce a complex wear evolution progress
which varies signiﬁcantly with respect to the topographical
and tribological changes of surface. Thus, a dynamic wear
model is needed to reﬂect continuous two-way feedback
between contact mechanism and dynamic mechanics processes
over the spool valve’s lifetime.
Dynamic wear modelling for the wear evolution process has
been proved to be effective for many complicate time-variation
systems.12 The initial dynamic method about wear was utilized
in rolling wear area. El-Thalji and Jantunen13 concluded its
drawbacks about previous work in their paper and developed
another effective dynamic modelling method of wear evolution
in rolling bearings; it can explain different wear mechanisms
among the wear evolution stages. And Ma et al.14 considered
the friction coefﬁcient evolution during sliding wear. Besides,
some other combinations of different wear behaviors were
studied.15–17 But most work just focused on the actual evolution
process, failing to consider the wear prediction for engineer
practices. However, traditional wear prediction models for slid-
ing wear behavior can only be developed for a single wear mech-
anism, just like Archard model,18 three body abrasive wear
model19 and so on. Thus, it is necessary to propose a new model
which can be just suitable for coupling wear mechanisms. Based
on the analysis of most wear models, Meng and Ludema20 con-
cluded that a good wear model should avoid the perpetuation of
erroneous and subjective expressions for the mechanisms of
wear. Thus, in this paper, ourmodel is proposed based on actual
wear process and their effects on contact surface.
The aim of this paper is to establish a practical coupling
wear model for aero-hydraulic spool valve. According to the
experiment for wear mechanism veriﬁcation, adhesive wear
and abrasive wear mechanisms do coexist during the working
process of spool valve. Then, Archard model and three-body
abrasive wear model are utilized for describing adhesive wear
and abrasive wear mechanisms. Besides, the coupling mecha-
nism relationship is determined by analyzing each mechanism
characteristic. And a coupling wear model is established by
calculating the actual wear volume. Finally, from the result
of spool valve tests, all the required parameters for our model
are obtained. To verify the accuracy of model, the relative
error between model prediction and actual test is presented,
which demonstrates that our model is useful for providing
accurate prediction of spool valve’s wear life.2. Experiment for wear mechanism verification
A speciﬁc aero-hydraulic spool valve was selected to verify the
contact between the spool and the valve sleeve and to ensure
the compatibility of the results with the real working applica-
tion. Besides, actual conversion-sliding tests were used to
investigate the wear mechanism during actual working process.
The aero-hydraulic spool valve observed is presented in Fig. 1.
The tests of spool valve were implemented on the test plat-
form (Fig. 2). Ten samples satisfy our requests. One is used for
pre-test, and the other nine samples are used for model param-
eters identiﬁcation which will be introduced in Section 5.
The initial state of the spool shoulder surface by the obser-
vation of scanning electron microscope (SEM) is smooth
(Fig. 3). After 10000 conversions, the SEM is utilized to
observe the same place of the spool shoulder. We can ﬁgure
out that different wear behaviors happened between two con-
tact surfaces. In Fig. 4, shearing and transformation of mate-
rial can be seen due to the shear fracture of adhesion points.
It can work as a proof of the adhesion wear mechanism
between spool and valve sleeve. Meanwhile, furrow on the sur-
face of the spool shoulder can be also observed in Fig. 5, which
is caused by pressure and relative sliding of three-body abra-
sives. In summary, according to the SEM observation results
of spool valve shoulder, adhesive wear and abrasive wear coex-
ist in the wear evolution process of aero-hydraulic spool
valves.
3. Wear model description
3.1. Adhesive wear model
The spool and valve sleeve of aero-hydraulic valve are made of
the same material. High contact pressure on the contact point
causes the adhesion of metals. Furthermore, it can lead to the
adhesive wear between spool and valve sleeve. Therefore, it is
necessary to consider adhesive wear model. Archard wear
model is widely applied in the calculation of adhesive wear
under dry sliding condition. It takes the form18
Vadh ¼ KFN
H
L ð1Þ
where Vadh represents the adhesive wear volume, K the wear
coefﬁcient, FN the normal load, H the material hardness, and
L the wear stroke distance. In fact, the normal load between
spool and valve sleeve is the asperity load due to the coordi-
nate intervals. So we replace FN with the asperity load Wa.
Besides, the spool valve works in a mixed lubrication
Fig. 2 Test platform for spool valves.
Fig. 3 Initial state of spool shoulder surface from SEM results.
Fig. 4 Adhesive wear feature from SEM.
Fig. 5 Abrasive wear feature from SEM.
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metal contact points. Thus, a fractional ﬁlm defect index b is
introduced into Archard wear model, which is represented by21
Vadh ¼ KadhbWa
H
L ð2Þ
From Eq. (2), we can get that wear is the process in which
material overcomes the mechanical engagement and the molec-
ular attraction of surface asperities. Therefore, friction is a sum
of the mechanical engagement force and the molecular attrac-
tion force, which will be discussed later.
3.2. Abrasive wear model
Three body abrasive wear is a typical wear mechanism about
relative movement of abrasive particle between two contact
surfaces. From Ref.21, we can see that two terms are included:
the cutting mechanism and plastic mechanism (Fig. 6). Based
on the result of Ref.22, the micro cutting mechanism accounts
for a tiny little ratio in the whole wear process. Thus, it is suit-
able to choose an abrasive wear model which is based on plas-
tic theory.23
And the three-body abrasive wear model can be represented
by
Vabr ¼ Kabr W
Hm
L ð3Þ
where Vabr is the abrasive wear volume andW the normal load
on three-body abrasive. Based on the load analysis of spool
valve, abrasive particles generate a settlement effect under its
own gravity. Thus, most of the abrasives happen in the bottom
of the contact area between the spool and valve sleeve. Gener-
ally, the value of W can be determined by the gravity of spool
that equals to mxg where mx is the mass of valve sleeve, and g
the acceleration of gravity which generally equals to 9.8 N/kg.
In most cases, the lubrication ﬂuid dynamic effect can be
neglected if the impact on the normal load is very little. Hm
is the hardness of contact surface. Kabr is the abrasive wear
coefﬁcient. It can be calculated with the consideration of con-
tact and wear evolution process, and some details would be
presented in Section 3.3, which precisely reﬂects the surface
changing or lubrication oil feature.
3.3. Material and parameter identification
In this section, the procedure for identifying the parameters of
aforementioned adhesive wear model and abrasive wear model
is presented.
Fig. 6 Different mechanism about abrasive wear.
1122 C. Yunxia et al.3.3.1. Asperity load Wa
Before calculating the asperity load, we need to ﬁgure out sur-
face roughness degree. Commonly, surface textures can be
described in terms of distribution function of the proﬁle height.
The surface morphology includes the part of ﬁxed period vari-
ety and the part of probability variety. A probability density
function for asperity heights uðzÞ is proposed to describe the
probability of locating a point on the surface at height z.
The most commonly used probability distribution function
(PDF) is Gaussian distribution which is given as24
uðzÞ ¼ 1
r
ﬃﬃﬃﬃﬃ
2p
p exp  z
2
2r2
 
ð4Þ
where r is the variance of z, i.e., the root mean square (RMS)
roughness. Based on Eq. (4), both PDFs of valve sleeve and
spool surfaces can be obtained, which are represented by
uxðzÞ and utðzÞ, respectively.
Besides, the contact of two randomly rough surfaces of
spool and valve sleeve can be equivalently transformed into
the contact of a rigid smooth surface and a composite elasto-
plastic rough surface (Fig. 7). It can be described as25
rs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2x þ r2t
q
ð5Þ
where rx represents RMS roughness of valve sleeve surface
and rt RMS roughness of spool surface. Then PDF of the
equivalent composite elastoplastic surface can also been calcu-
lated, which is represented by usðzÞ.
From Fig. 7, we can see that only if zP h, contact between
two surface can happen. h is assumed to be the distance
between the proﬁle centerlines of two mating surfaces. Based
on the GW contact model,26 we assume that each rough asper-
ity has the same radius of curvature. Each deformation of
asperities assumes to be s-independent. Thus, the plastic-
deformation only happen when the asperity height z obeys21
zP hþ dp ¼ hþ Hm
E0
 2
R ð6Þ
where R is the radius of asperity of equivalent rough surface,
dp the value of critical normal deformation as the plastic defor-
mation of micro convex body appears, and E0 the elastic mod-
ulus of equivalent rough surface. Considering that materials of
spool and valve sleeve are the same, E0 can be obtained by26
1
E0
¼ 1 l
2
x
2Ex
þ 1 l
2
t
2Et
ð7Þ
where Ex;Et are elastic moduli of valve sleeve and spool
respectively, and lx; lt poisson ratios of valve sleeve surface
and spool suface respectively.Assume that each unit area of equivalent rough surface has
n asperities. If h < z < hþ dp, asperities take an elastic defor-
mation; or else if zP hþ dp, asperities take a plastic deforma-
tion. Thus, the asperity loadWa consists of two parts: one is the
load We in the elastic deformation stage; the other is the load
Wp in the plastic deformation stage. It can be represented by
21
Wa ¼We þWp
¼ 4
3
nAaE
0R1=2
Z hþdp
h
uðzÞðz hÞ3=2dzþ 2
3
pnAaHmR

Z þ1
hþdp
ðz hÞuðzÞdz
¼ 1
15
AaHmw F3=2ðkÞ  F3=2 kþ 1
w2
  
þ 1
30
pAaHm F1 kþ 1
w2
  
ð8Þ
where FvðuÞ ¼ 1=
ﬃﬃﬃﬃﬃ
2p
p Rþ1
u
ðt uÞv expðt2=2Þdt, and when v
equals to 3=2 or 1, different values can be obtained to get
Wa. w ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
rs=dp
p ¼ E0=Hm ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃrs=Rp is the plasticity index: it
combines the material and topographic prosperities of the
solids in contact.18 Aa is the apparent contact area of spool
and valve sleeve. The derivation process of the formula will
not be explained here. In our case, both elastic and plastic
deformation can be found during the actual contact process
of the spool valve, and based on empirical data of other schol-
ars,27 the value of wassumes to be 1.3. k ¼ h=r represents the
ﬁlm thickness ratio, which indicates lubrication state of two
contact surfaces. In our case, the value of k assumes to be 4,
which is determined by the fact that lubrication state of the
spool valve is the mixed lubrication state.27
3.3.2. Fractional film defect index b
Generally, b is determined by the adsorption and desorption
capacity of oil molecules on the surface of friction pair during
the relative motion process. From Ref.28, we can see that it can
be deﬁned by Am=Ar. By this way, Ar is the contour contact
area (including oil ﬁlm contact area and mental to metal con-
tact area), and Am is the metal to metal contact area. During
the relative motion process of friction pair, the main factors
that affect lubrication are oil temperature and relative motion
velocity v of friction pair. It is described in Fig. 8, where Q
represents the upper surface, and S the lower surface.
Stolarski27 has presented the calculation formula if frac-
tional ﬁlm defect index b is under single lubricant condition
1 b ¼ exp  tz
tr
 
ð9Þ
Fig. 7 Equivalent transformation of two surfaces.
Fig. 8 Inﬂuence of relative motion velocity on b.
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the equivalent distance of oil molecular diameter, and tr the
average adsorption time of an oil molecular on a certain point
of the contact surface. The time tz can be calculated by
tz ¼ D
v
ð10Þ
where D is the oil molecular diameter in adsorption state.
Assuming that oil molecular is a sphere, D can be calculated
by D ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ6Vm=pNa3p . Vm is the molar volume of oil molecular,and Na is the Avogadro constant, taken as 6:02 1023. Thus,
the value of D can be transformed into 1:4 108 ﬃﬃﬃﬃﬃﬃVm3p .
Then, Hornig29 provided the formula about tr as
tr ¼ t0 exp Ec
RsT
 
ð11Þ
where T is oil temperature, t0 the oscillation period of an
adsorbed oil molecular on the contact surface, Ec the adsorp-
tion energy of oil molecular, and Rs the gas constant.Combin-
ing Eqs. (9)-(11), the fractional ﬁlm defect index b can be
expressed as
1124 C. Yunxia et al.b ¼ 1 exp  1:4 10
8 ﬃﬃﬃﬃﬃﬃVm3p
vt0
 exp  Ec
RsT
  
¼ 1 exp d1
v
 exp d2
T
  
ð12Þ
where d1 and d2 are parameters to be estimated in Section 5.
3.3.3. Adhesive wear coefficient Kadh
The empirical relationship between adhesive coefﬁcient Kadh
and friction coefﬁcient f can be described as21
lgKadh ¼ 5 lg f 2:27 ð13Þ
Thus, the main work will focus on derivation of friction
coefﬁcient f. Wear is the process in which material overcomes
the mechanical engagement and the molecular attraction of
surface asperities. Therefore, friction Fl is sum of both parts
above. And we can get its expression as21
Fl ¼ Sf
1þ cAm þ
Bf
1þ cWa þ
cBj
1þ cWapr ð14Þ
The friction coefﬁcient can be obtained by Coulomb’s law
f ¼ Fl
Wa
¼ Sf
1þ c 
Am
Wa
þ Bf
1þ cþ
cBj
1þ c 
Wa
Am
¼ s0  Am
Wa
þ bm þ a 
Wa
Am
¼ s0
pr
þ bm þ apr
ð15Þ
where Sf is tangential resistance of molecular effect, Bf the
inﬂuence coefﬁcient of surface roughness, Bj coefﬁcient of nor-
mal load effect, and c proportionality constant. Through sim-
pliﬁcation, we can get that s0=pr þ bm is the molecular
component, where s0 represents the friction force generated
by the molecular interaction on the unit area and bm the
molecular bond enhancement factor. apr is the mechanical
component, where a equals to cBj=1þ c and pr equals to
Wa=Am . Am is the value of real contact area, and it can be
obtained as Eq. (16) shows.
Am ¼ Aam1Aei þ Aam2Api
¼ npRAa
Z hþdp
h
ðz hÞuðzÞdz
þ 2npRAa
Z þ1
hþdp
ðz hÞuðzÞdz
¼ nrsRpAa F1 hrs
 
þ F1 hrs þ
dp
rs
  
ð16Þ
where Aei is the contact area of single asperity at elastic defor-
mation state which equals to pRðz hÞ, and the number is
assumed to be m1 that equals to n
R hþdp
h
uðzÞdz. Similarly, Api
represents the contact area of single asperity at plastic defor-
mation state which equals to 2pRðz hÞ, and the number is
assumed to be m2 that equals to n
Rþ1
hþdp uðzÞdz.
Thus, based on Eqs. (8) and (16), the expression of pr can be
represented by
pr ¼
Wa
Am
¼
4pE0 F3
2
h
rs
 
 F3
2
h
rs
þ dprs
  
3R
1
2 F1
h
rs
 
þ F1 hrs þ
dp
rs
  
 ﬃﬃﬃﬃrsp þ 2Hm F1 hrs þ dprs
  
3 F1
h
rs
 
þ F1 hrs þ
dp
rs
   ð17ÞCombining Eqs. (13), (15) and (17), we can obtain the fol-
lowing equation
Kadh ¼ 1
a1
ﬃﬃﬃﬃ
rs
p þ a2 þ a3 þ a4
ﬃﬃﬃﬃ
rs
p 5 ð18Þ
where a1; a2; a3; a4 are the positive coefﬁcients, and they are
related to material physical and chemical properties and lubri-
cation condition about spool valve. The calculation forms
about these four coefﬁcients can be deduced by the above
formulas.3.3.4. Abrasive wear coefficient Kabr
From the three-body abrasive wear model, we can see that it is
a situation where only the plastic deformation is considered.
Thus, based on this assumption, we can get the expression of
Kabr as
30
Kabr ¼
1þ HmK0
2E
 2
K1K2K3K4K5
p tan h
ð19Þ
where E is the elastic modulus of spool valve that equals to Ex
or Et; h is the abrasive cone semi angle, and the value is deter-
mined by the sharpness of abrasives. Based on the experimen-
tal analysis from other scholars30, if the abrasive material is
SiO2, h equals to 80, and in this case, the main part is SiO2
in the hydraulic oil pollution of the spool valve during the
working state, thus, tanh equals to 5.67. K0 represents the
abrasive rate coefﬁcient of relative movement. Similarly, based
on the result of experiment from other scholars,30 if the friction
pair in the low speed movement condition (the sliding speed
v 6 0:3 m=s), the value of K0 can equal to 3.3tanh, which just
satisﬁes our case. So it can be determined by
K0 ¼ 3:3 tan h ¼ 18:71. K1 is the abrasive sliding scale factor,
and considering that the spool and vale sleeve are made of
the same material which is alloy steel, the value of K1 is 0.5
from Ref.30. K2 is the abrasive concentration coefﬁcient, and
it depends on the number of abrasive that participates in wear
process. If the contact surface is ﬁlled with the abrasive grains,
K2 equals to 1; if there is no abrasive between two contact sur-
faces, K2 equals to 0. In our case, most of abrasive grains are
gathered at the bottom position of friction pairs, which is the
situation of high contact. Thus, the value of K2 is assumed to
be 0.33 from Ref.30. K3 is the abrasive grain size coefﬁcient,
and it can be calculated by K3 ¼ da=dcð0 < K3 6 1Þ, where da
is the height of abrasive grain, and dc is the critical abrasive
height. If da > dc, K3 equals to 1. Based on the experimental
result of Misra and Finnie,31 the value of dc equals to
0:16 103 mm. The minimum permissible clearance that
can enter into the contact gap of spool valve is 0:001 mm.
Thus, in our case, K3 equals to 1. K4 is the abrasive relative
hardness coefﬁcient. If Ha=Hm 6 2, and material of surface
is steel, K4 can be determined by K4 ¼ 1=½5:5 ðHa=HmÞ2:2.
The material of spool valve in our case is alloy steel, and main
part of abrasive is SiO2. The hardness of abrasive grain Ha is
HV 1000, and the hardness of spool valve Hm is HV 589; thus,
we can get that K4 equals to 0.42. K5 is the lubrication coefﬁ-
cient, and the interval of K5 is ð0; 1. In our case, the lubrica-
tion mode is oil lubrication. Based on the result of
experiment from Wang YL and Wang ZS,30 the value of K5
is assumed to be 0.75.
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In this paper, the relationship between these two models and
actual wear process should be discussed. Through analysis of
the variation of wear mechanism, coupling characteristic can
be deﬁned as the parameters and functions which can be
described in the wear models.
During the wear evolution process of the spool valve, vari-
ation process can be separated into two terms: furrow process
and truncation process. These two processes both have an
impact on surface roughness. The analysis is described in
Fig. 9.
From Fig. 9, we can see that truncation process can induce
the cutting action of single asperity on the surface during con-
tact and sliding process. Furrow process is the result of three-
body abrasives sliding on the contact surface. Their impacts on
surface roughness and wear volume should be quantiﬁed as a
ﬁxed function. Thus, in this section, the dynamic wear model
can be described as
dV
dt
¼ dVadh
dt
þ dVabr
dt
ð20Þ
where V is the total wear volume. Similarly, the comprehensive
RMS roughness rate of surface is a sum of roughness rates
caused by truncation process and furrow process. It can be
determined as
drs
dt
¼ drsðtpÞ
dt
þ drsðppÞ
dt
ð21Þ
where rsðtpÞ is RMS roughness during truncation process, and
rsðppÞ RMS roughness during furrow process. The following
work will focus on the calculation about their variations on
surface roughness.Fig. 9 Coupling behavior ana4.1. Variation of surface roughness rsðtpÞ in truncation process
Based on the assumption that contact of two random rough
surfaces is equivalently transformed into a rigid smooth sur-
face and a composite elastoplastic rough surface, peaks of
asperities will be cut off during the truncation process and
the distribution function of the surface proﬁle height will con-
tinuously change with time.
We suppose that probability density function of proﬁle
height z of rough surface at time t is uðz; tÞ, where uðz; 0Þ is
known as the initial state. wðz hÞ is the asperity wear rate
function. It means the reduction of proﬁle height z per unit
time, or asperities having a embed depth of ðz hÞ. According
to Ref.25, we can get that
@
@
uðz; tÞ ¼ @
@z
ðwðz hÞuðz; tÞÞ ð22Þ
RMS roughness rsðtpÞ of equivalent rough surface can be
described as
r2s ¼
Z þ1
1
z2uðz; tÞdz
Z þ1
1
zuðz; tÞdz
 2
ð23Þ
Taking derivative with respect to time t on both sides of Eq.
(23), we can obtain
2rsðtpÞ
drsðtpÞ
dt
¼
Z þ1
1
2z  dz
dt
 uðz; tÞ þ z2  @
@t
uðz; tÞ
 
dz
þ 2
Z þ1
1
zuðz; tÞdz

Z þ1
1
dz
dt
uðz; tÞ þ z  @
@t
uðz; tÞdz
 
ð24Þ
Besides, it is proved by Misra and Finnie,31 when z!1,
uðz; tÞ is the higher-order inﬁnitesimal of 1=ðz2wðz hÞÞ.lysis of wear mechanisms.
Fig. 10 Variety of proﬁle height caused by furrow process.
1126 C. Yunxia et al.Combing the deﬁnition of wear rate function which is
dz=dt ¼ wðz hÞ, Eq. (24) can be simpliﬁed to
drsðtpÞ
dt
¼  2
rsðtpÞ
Z þ1
1
zwðz hÞuðz; tÞdz

þ
Z þ1
1
zuðz; tÞdz
Z þ1
1
wðz hÞuðz; tÞdz

ð25Þ
We suppose that the wear rate function can be shown as32
wðz hÞ ¼ Dcðz hÞ
n
z > h
0 z 6 h
(
ð26Þ
where n is an exponent characterizing the degree of asperity
deformation, and Dc a coefﬁcient associated with wear rate
of the friction pair, and we can obtain
Dc ¼ C dx
dt
ð27Þ
where the coefﬁcient C > 0, and x is the wear depth. The rela-
tionship between the volume wear rate and line wear rate can
be indicated as
dV
dt
¼ Aa dx
dt
ð28Þ
Substituting Eq. (28) into Eq. (27), we can obtain
Dc ¼ C
Aa
 dV
dt
ð29Þ
And Eq. (25) equals to
drsðtpÞ
dt
¼  2Dc
rsðtpÞ
Z þ1
1
zðz hÞcuðz; tÞdz

þ
Z þ1
1
zuðz; tÞdz
Z þ1
1
ðz hÞcuðz; tÞdz

¼  2C
Aa
 dV
dt
r1sðtpÞ
Z þ1
1
zðz hÞcuðz; tÞdz

þ
Z þ1
1
zuðz; tÞdz
Z þ1
1
ðz hÞcuðz; tÞdz

ð30Þ
If we take n ¼ 1, which means that asperity wear velocity
and the embed depth of asperity follow a linear relationship,
we can obtain
drsðtpÞ
dt
¼  2C
Aa
 dV
dt
r1sðtpÞðEðZ2ðtÞÞ þ E2ðZðtÞÞ
 2hEðZðtÞÞÞ
 b1ðrsðtpÞ þ b2Þ dV
dt
ð31Þ
Through solving Eq. (31), we can obtain the solution of
rsðtpÞ as Eq. (32) shows
rsðtpÞ ¼ b3 exp b1
Z t
0
dV
dt
dt
 
 b2 ð32Þ
where b1; b2; b3 ðb1 < 0; b2 < 0; b3 > 0Þ are unknown parame-
ters that need to be estimated. From Eq. (32), we can see that
the variation of surface roughness caused by the truncation
process obeys exponential type. The RMS of surface will
decrease with time and ﬁnally reach a stable value of b2.4.2. Variation of surface roughness rsðppÞ in furrow process
The furrow process caused by three-body abrasive will result in
the variation of the surface roughness. Similarly, we suppose
that contact of two random rough surfaces is equivalently
transformed into the contact of a rigid smooth surface and a
composite elastoplastic rough surface. Abrasives are assumed
to be rigid cones, which cannot be crushed during the wear
process and are distributed evenly in the contact area. The
three-body abrasives can move in the gap of spool valve with
the lowest energy state. Thus, the moving distance during sin-
gle working period for the three-body abrasive is not identical
with the wear distance of the smooth rigid spool surface.
We suppose that proﬁle height functions of abrasive and
rough surface at time t are ZaðtÞ and ZsðtÞ, respectively
(Fig. 10).
The proﬁle height function at time tþ Dt during the three-
body wear process can be obtained by
Zsðtþ DtÞ ¼ minðZsðtÞ;ZaðtÞÞ ð33Þ
The distribution function of proﬁle height FZsðtþDtÞðzÞ at
tþ Dt is
FZsðtþDtÞðzÞ ¼ PðZsðtþ DtÞ 6 zÞ ¼ PðminðZsðtÞ;ZaðtÞÞ
6 zÞPw þ PðZsðtÞ 6 zÞð1 PwÞ ð34Þ
where Pw is the probability that abrasive wear happens, and it
equals to the value of K1 in this case. Based on the indepen-
dency between ZaðtÞ and ZsðtÞ, we can obtain
FZsðtþDtÞðzÞ ¼ ð1 PðZsðtÞ > z;ZaðtÞ > zÞÞPw þ PðZsðtÞ
6 zÞð1 PwÞ ¼ ð1 PðZsðtÞ > zÞPðZaðtÞ
> zÞÞPw þ PðZsðtÞ 6 zÞð1 PwÞ
¼ 1
Z þ1
z
uaðz; tÞdz
Z þ1
z
usðz; tÞdz
 
Pw
þ
Z z
1
usðz; tÞdzð1 PwÞ ð35Þ
where uaðz; tÞ and usðz; tÞ are probability density functions of
abrasive proﬁle height and rough surface proﬁle height at time
t. Besides, abrasives cannot be crushed during the wear pro-
cess; thus, uaðz; tÞ will not change with time, and Eq. (35)
becomes
FZsðtþDtÞðzÞ ¼ 1
Z þ1
z
uaðz; 0Þdz
Z þ1
z
usðtÞðzÞdz
 
Pw
þ
Z z
1
usðz; tÞdzð1 PwÞ ð36Þ
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at tþ Dt is showed as
usðtþDtÞðzÞ¼
@FZsðtþDtÞðzÞ
@z
¼ uaðz; tÞ
Z þ1
z
usðz; tÞdzþusðz; tÞ
Z þ1
z
uaðz;0Þdz
 
Pw
þusðz;tÞð1PwÞ
ð37Þ
The proﬁle height of equivalent rough surface obeys a
Gaussian distribution at the situation that t ¼ 0, and we have3
usðz; 0Þ ¼
1
rs0
ﬃﬃﬃﬃﬃ
2p
p exp  z
2
2r2s0
 
ð38Þ
where rs0 is the initial RMS roughness of equivalent rough sur-
face. The particle size distribution of abrasive in oil obeys a
fold normal distribution as
uaðz; 0Þ ¼
2
ra
ﬃﬃﬃ
2p
p exp  z2
2r2a
 
z > 0
0 z 6 0
(
ð39Þ
where ra is the RMS roughness of abrasive. According to the
deﬁnition of RMS roughness, rsðtþDtÞ can be determined as
r2sðtþDtÞ ¼ EðZ2ðtþ DtÞÞ  ðEðZðtþ DtÞÞÞ2
¼
Z þ1
1
z2usðz; tÞdz
Z þ1
1
zusðz; tÞdz
 2
ð40Þ
With Eqs. (37)-(40), numerical solution for rs can be
obtained at any time under the given initial condition. We
can see that furrow process makes the value of rs decrease with
time t smoothly, just as the exponential model shows, thus, it
can be described as
rsðppÞ ¼ c1ec2t ð41Þ
where c1; c2 ðc1 > 0; c2 < 0Þ are parameters that need to be esti-
mated. And Eq. (41) can be transformed into
drsðppÞ
dt
¼ c1c2ec2t ð42Þ4.3. Determination of coupling wear model
Based on the whole result of derivation process, we can obtain
the semi-empirical formulation for wear prediction. As Eq.
(20) shows, the total spool wear rate is a sum of adhesive wear
rate and three-body abrasive wear rate. Combining Eqs. (2),
(8), (12), (17), the revised adhesive wear rate based on Archard
model can be described as
dVadh
dt
¼ KadhbWa
Hm
 dL
dt
¼ KadhbWa
Hm
v
¼ 1
a1
ﬃﬃﬃﬃ
rs
p þ a2 þ a3 þ a4
ﬃﬃﬃﬃ
rs
p 5
 1 exp d1
v
 exp d2
T
   
Wa
Hm
v ð43Þ
Similarly, combining Eqs. (3) and (19), the three-body abra-
sive wear rate based on the plastic deformation theory is pre-
sented asdVabr
dt
¼ ð1þ
HmK0
2E
Þ2K1K2K3K4K5
p tan h
 W
Hm
 dL
dt
¼ ð1þ
HmK0
2E
Þ2K1K2K3K4K5
p tan h
 W
Hm
v ð44Þ
In summary, the coupling wear model in our paper is the
ﬁrst order bivariate dynamic wear model. The whole wear vol-
ume prediction can be calculated as
V ¼ Vadh þ Vabr
¼ 1þ
HmK0
2E
 2
K1K2K3K4K5
p tan h
 W
Hm
vt
þ 1
a1
ﬃﬃﬃﬃ
rs
p þ a2 þ a3 þ a4
ﬃﬃﬃﬃ
rs
p 5
 1 exp d1
v
 exp d2
T
   
Wa
Hm
vt ð45Þ
According to Eqs. (21), (32) and (42), it can be speculated
that the variation of the comprehensive RMS roughness rs
obeys an exponential type. Thus, for simpliﬁcation, the equa-
tion can be assumed to be
rs ¼ q1eq2t ð46Þ
where q1; q2 (q1 > 0; q2 < 0) are parameters to be estimated in
Section 5.
5. Model parameters identification and validation
In this section, we need to ﬁgure out the accurate wear model
to predict wear volume of spool valve. It includes two parts:
model parameter identiﬁcation and validation. The spool valve
tests are divided into pre-test and formal test. The data of the
formal test are used to identify model parameters, while the
data of the pre-test are used to validate the wear model. Details
about experiment can be found in Section 5.1.
5.1. Experimental parameters determination
The aero-hydraulic spool valves for pre-test and formal test are
the same, which is the key component of aileron control actu-
ator. The working stresses of spool valve that we can control
are conversion rate v and oil temperature T. Conversion rate
v represents the rotary sliding speed between spool and valve
sleeve which can be determined by input oil pressure p. Actu-
ally, the relationship between conversation rate and oil pres-
sure cannot be described as an existing function with ﬁxed
variables. Thus, in this case, the value of conversion rate v
can only be calculated by v ¼ s=t, through measuring the
actual rotary sliding distance s and the corresponding time t
when the oil pressure is ﬁxed. Considering the limited test abil-
ity of test platform, we choose three monitoring points with
different values of oil pressure (Table 1).
The sample size for the whole test is ten spool valves. One is
for the pre-test; the other nine are for the formal test. The pre-
test is a constant stress test, and the working stress level is
T= 323 K, p= 21 MPa. Because a single conversion time of
the spool valve is settled, the actual test time can be trans-
formed by recoding the number of conversion, and the detect-
ing points for pre-test include 0, 100, 500, 1000, 2000, 2500,
3000, 3500, 4000, 4500 and 5000. Meanwhile, the stress levels
Table 1 Relationship between oil pressure and conversion
rate.
Oil pressure p (MPa) Conversion rate v (mm/s)
7 57.73502692
14 81.64965809
28 115.4700538
Table 2 Stress level and detecting point arrangement of
formal test.
Stress level Detecting point (conversion
number)
1 p= 7MPa; T= 303 K 0 500 1000 2000 3000 4000
2 p= 7MPa; T= 343 K 0 500 1000 2000 3000 4000
3 p= 7MPa; T= 383 K 0 500 1000 2000 3000 4000
4 p= 14 MPa; T= 303 K 0 500 1000 2000 3000 4000
5 p= 14 MPa; T= 343 K 0 500 1000 2000 3000 4000
6 p= 14 MPa; T= 383 K 0 500 1000 2000 3000 4000
7 p= 28 MPa; T= 303 K 0 500 1000 2000 3000 4000
8 p= 28 MPa; T= 343 K 0 500 1000 2000 3000 4000
9 p= 28 MPa; T= 383 K 0 500 1000 2000 3000 4000
Table 3 Experimental parameters provided before and after
tests.
No. Experimental parameters Detecting
period
1 Mass of valve sleeve mx/kg O;D
2 Mass of spool mt/kg O;D
3 Cylindricity of valve sleeve outer surface/mm O
4 Cylindricity of spool inner surface/mm O
5 Coaxality of spool/mm O
6 RMS outer surface roughness of valve sleeve/
mm
O;D
7 RMS inner surface roughness of spool/mm O;D
8 Surface morphological characteristics of spool
valve based on SEM
O;D
9 Oil leakage amount D
Note: O – parameters provided before tests, D – parameters pro-
vided after tests.
Table 4 Main parameters of aero-hydraulic spool valve wear
model.
Parameter Value
Hardness of spool valve Hm/HV 589
Elasticity modulus of spool valve E/GPa 210
Cone semiangle of cone abrasives tanh 5.671
Relative rate coeﬃcient of abrasives K0 18.715
Sliding scale coeﬃcient of abrasives K1 0.5
Concentration coeﬃcient of abrasives K2 0.33
Granularity coeﬃcient of abrasives K3 1
Relative hardness coeﬃcient of abrasives K4 0.42
Lubrication coeﬃcient K5 0.75
Normal load on abrasive W/N 5.211
Asperity force Wa/N 0.8446845286
Table 5 Results of parameter estimation for coupling wear
model.
Parameter for estimation Value
a^1 69.25
a^2 1.66
a^3 0.18
a^4 59.71
d^1 477.73
d^2 459.99
Table 6 Estimation results for parameters q1 and q2 at each
stress level.
Stress level Estimation for q1 Estimation for q2
1 0.000177 0.000143
2 0.000178 0.000159
3 0.000174 0.000140
4 0.000188 0.000222
5 0.000179 0.000170
6 0.000183 0.000189
7 0.000179 0.000290
8 0.000177 0.000279
9 0.000189 0.000341
Table 7 Revised estimation results for parameter q2 at each
stress level.
Stress
level
Oil temperature
T (K)
Conversion rate v
(mm/s)
Revised
estimation for q2
1 303 57.73502692 0.000151806
2 343 57.73502692 0.000165755
3 383 57.73502692 0.000159253
4 303 81.64965809 0.000192584
5 343 81.64965809 0.000174694
6 383 81.64965809 0.000175691
7 303 115.4700538 0.000300571
8 343 115.4700538 0.000299397
9 383 115.4700538 0.000294273
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the same detecting point (Table 2).
In Section 5, a practical wear prediction model for the aero-
hydraulic spool valve needs to be established based on the data
of formal test. Thus, we need to acquire the actual wear vol-
ume V and RMS surface roughness rs at different stress levels
and corresponding time points. The testing method of wear is
the weighing method,33 which is applicable for engineering
systems. Some details about this method can be found from
Ref.33. The RMS surface roughness rs can be measured by
the surfagauge. Some other experimental parameters are pro-
vided before and after tests (Table 3).
5.2. Coupling dynamic wear model parameters determination
To guarantee that the proposed calculation model can be prac-
tical, we need to conﬁrm each model parameter with the speci-
Table 8 Comparisons between pre-test results and coupling wear model results.
No. Conversion number Wear volume V (mm3) RMS surface roughness (lm)
Pre-test results Model results Relative error (%) Pre-test results Model results Relative error (%)
1 0 0 0 0.2 0.18 10
2 100 0 0.956999 0.183 0.17819 2.628546289
3 500 4.918 4.255739 13.46607 0.169 0.171129 1.25978315
4 1000 8.791 7.4606 15.13366 0.157 0.162695 3.62755171
5 1500 10.372 9.958375 3.987905 0.149 0.154677 3.81014895
6 2000 12.541 11.97964 4.476192 0.143 0.147054 2.83506754
7 2500 13.587 13.68169 0.69693 0.146 0.139807 4.241879839
8 3000 15.694 15.17362 3.31582 0.131 0.132917 1.46315543
9 3500 16.719 16.53231 1.116618 0.135 0.126366 6.395423207
10 4000 18.418 17.8129 3.285381 0.122 0.120138 1.525855987
11 4500 19.726 19.05554 3.398854 0.121 0.114218 5.605244208
12 5000 20.835 20.29004 2.615623 0.123 0.108589 11.7165455
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eters of our coupling wear model in Eq. (45) are shown in
Table 4.
Combining Eq. (45), the remaining work will focus on the
estimation of parameters including a1; a2; a3; a4; d1; d2; q1; q2
as shown in Eqs. (46) and (47).
V ¼ 2:58943 106vtþ 1:53579
 103 1
a1
ﬃﬃﬃﬃ
rs
p þ a2 þ a3 þ a4
ﬃﬃﬃﬃ
rs
p 5
 1 exp d1
v
 
exp
d2
T
  
vt ð47Þ
Based on the data of formal test, the wear volume V, con-
version rate v, test time t, RMS surface roughness rs and oil
temperature T can be obtained as the input data for parameter
estimation. The main results of nonlinear ﬁtting work are pre-
sented in Table 5. The ﬁtted relation coefﬁcient for this ﬁtting
result equals to 0.898, which proves that we achieve a reason-
able accuracy.
Besides, the estimation values for parameters q1 and q2 at
each stress level can also be obtained (Table 6).
Now that q1 is a constant which is irrelevant to stress level,
it can be assumed to be the average of these nine estimation
values in Table 7. Thus, the value of q1 can be obtained as
Eq. (48) shows, while q2 is a function of conversion rate v
and oil temperature T that should be re-estimated.Fig. 11 Comparsion between pre-testbq01 ¼ 19X9
i¼1
bqi1 ¼ 0:00018044 ð48Þ
Then, taking the new value of q1 into Eq. (46) and combin-
ing with the value of rs at each stress level, we can calculate a
new estimation result for q2 (Table 7).
Based on the data of Table 8, in this case, a power law
model is considered to be the ﬁtting function for the estimation
as Eq. (49) shows.
q2 ¼ l1Tl2vl3 ð49Þ
The estimated results are bl1 ¼ 4:61 106; bl2 ¼ 0:12;bl3 ¼ 1:02. The ﬁtted relation coefﬁcient for this ﬁtting result
equals to 0.919, which demonstrates that we achieve a reason-
able accuracy.
Finally, eight different parameters are provided to obtain
the expressions of the coupling wear model. The formulations
of wear volume can be described as
V ¼ 2:58943 106vtþ 1:53579
 103 169:25 ﬃﬃﬃﬃrsp þ 1:66þ 0:18 59:71 ﬃﬃﬃﬃrsp
 5
 1 exp 477:73
v
exp
459:99
T
   
vt ð50Þ
TheRMS roughness of contact surface rs can be described as
rs ¼ 0:00018044 exp 4:61 106T0:12v1:02t
  ð51Þresults and wear model prediction.
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temperature T and conversion rate v can be calculated to pre-
dict actual wear process of spool valve.
To conﬁrm the validity of the proposed wear prediction
model, pre-test has been performed which is working at differ-
ent stress level. Compared to the data of spool valve wear pro-
cess in pre-test, the difference between them has been presented
with relative errors (Table 8). Thereafter, we record the guide
ﬁtting curves to make it clear (Fig. 11).
From Fig. 11(a), we can see that the rate of wear of the
aero-hydraulic spool valve in the ﬁrst 1000 conversion times
increases faster than that in the following phase. Moreover,
the measured and predicted results based on Eqs. (50) and
(51) have the same change trend and similar magnitude of
change; thus, the established wear prediction model can cor-
rectly describe the change in the coupling wear evolution pro-
cess of the aero-hydraulic spool valve under loading.6. Conclusions
In this paper, a coupling wear model is established to analyze
coupling relationship between adhesive wear and three-body
abrasive wear for the aero-hydraulic spool valve. The research
achievements gained in this paper are as follows:
(1) The pre-test data strongly verify that wear mechanisms
during the life period of aero-hydraulic spool valve con-
sist of adhesive wear and abrasive wear, which provides
the evidence support for coupling wear study.
(2) The coupling behavior analysis of these two wear mech-
anisms has been presented to describe the actual wear
evolution process between surfaces of spool and valve
sleeve. The roughness parameters are utilized to convey
the interaction between truncation process and furrow
process, which can be the input parameters for the wear
model.
(3) A practical coupling wear model for aero-hydraulic
spool valve is established. Meanwhile, the data of pre-
test also demonstrate that our model has a practical
foreground for engineering.
Our paper provides a new direction for the mechanism cou-
pling modelling and promotes the research on the mechanism
coupling study. Coupling modelling is complex, and different
mechanisms have their own unique coupling relations. Actu-
ally, there is not a universal method to take the whole failure
mechanism into consideration. Thus, many other mechanism
relationships need to be revealed for engineering practice.
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